ABSTRACT Silkworm silks have been widely used in a variety of fields due to their sensuousness, luster and excellent mechanical properties. Researchers have paid special attention in improving the mechanical properties of silks. In this work, Bombyx mori larval silkworms are injected with graphene quantum dots (GQDs) through a vascular injection to enhance mechanical properties of the silkworm silks. The GQDs can be incorporated into the silkworm silk gland easily due to hemolymph circulation and influence the spinning process of silkworm. The breaking strength, elongation at break and toughness modulus of the silks increase by 2.74, 1.33 and 3.62 times, respectively, by injecting per individual with 0.6 μg GQDs. Wide-angle X-ray scattering indicates that the size of β-sheet nanocrystals in GQDs-silks is smaller than that in control-silks. Infrared spectra suggest that GQDs confine the conformation transition of silk fibroin to β-sheet from random coil/α-helix, and the change of the size and content of β-sheet may be the reason for the improvement of the mechanical properties. The toxicity and safety limit of GQDs incorporated into each silkworm is also evaluated, and the results show that the upmost dose of GQDs per silkworm is 30.0 μg. The successful obtainment of reinforced silks by in vivo uptake of GQDs provides a promising route to produce high-strength silks.
INTRODUCTION
Silkworm silks (hereafter called silks), spun by silkworms under an aqueous environment, possess exceptional mechanical properties such as great extensibility and high tensile strength, as versatile and tough materials in the world [1] [2] [3] . Since discovery, silks have been widely applied in various fields including (but not limited to) textile industry, drug delivery and tissue regeneration [4] [5] [6] . Although silks are tougher than lots of synthetic fibers, their mechanical properties remain to be enhanced compared to spider dragline silks, another natural fiber which are hailed as a "super-fiber" with superior extensibility and strength [7, 8] . However, raising spiders in a large scale is rather difficult, while silkworms are much milder and can be mass reared [9, 10] . Much effort has been devoted to improving the performance of silks, which generally falls into two kinds of approaches for functionalized silks, i.e., extrinsical and intrinsical functionalization [11] . Traditional extrinsical functionalization immobilizes certain additives on the surface of silks [12] [13] [14] [15] , or re-spin silk fibers from regenerated silk fibroin solution with additives [16] [17] [18] , during which period the structures of silks are easily destroyed due to tedious procedures, harsh condition and the use of toxic reagents. Intrinsical functionalizations including genetic alteration [19] [20] [21] of silkworms or in vivo uptake of specific diets by silkworms [22] [23] [24] [25] [26] [27] can result in modified silks directly and are much greener. Compared with genetic alteration which needs complicated procedures, the recently developed in vivo uptake method is much easier. Several groups have acquired functionalized silks via adding additives such as dyes [22, 23] , amino acids [24] , bordeaux mixture [25] and nanomaterials [26] [27] [28] [29] [30] [31] into the feed of silkworms, among which nanomaterials gain much attention owing to their unique mechanical, antibacterial and photoelectric properties, etc. Cai et al. [26] demonstrated that silks with improved mechanical properties could be produced by adding TiO 2 nanoparticles into the feed of silkworms. Our group [27] found that the mechanical properties of silks could be enhanced significantly by feeding silkworms with mulberry leaves sprayed with copper nanoparticles. Wang and coworkers [28] obtained pristine magnetic silks by feeding silkworms with mulberry leaves sprayed with nano Fe 3 O 4 powder.
Graphene, which is a material with outstanding mechanical properties, is widely used as reinforcement in high-performance materials [31] [32] [33] [34] [35] . Several groups have reported that reinforced silks can be obtained by directly feeding silkworms or spiders with graphene [31, 35] . For example, Wang et al. [31] achieved high-strength silks directly by feeding silkworms with graphene nanosheets (with a width of 5 μm and a thickness of 6-8 nm). Lepore and coworkers [35] revealed that spider silks with enhanced mechanical properties could be obtained by feeding spiders with aqueous dispersions containing graphene flakes (with a diameter of 200-300 nm). Graphene quantum dots (GQDs), which are edge-bound nanometer-sized graphene fragments, possess the advantages of both graphene sheets and quantum dots such as strong quantum confinement and edge effects, excellent mechanical properties, large surface area, good biocompatibility and surface grafting [36] [37] [38] [39] . Compared with larger graphene nanosheets, zero-dimensional hydrophilic GQDs smaller than 10 nm are much easier to be incorporated into the crystalline structures of silk fibroins, which may be more suitable for enhancing the mechanical properties of silks.
In this paper, we demonstrated an in vivo uptake (via the method of intravascular injection) of GQDs into domesticated silkworms (bombyx mori), which led to a direct production of intrinsically reinforced silks. Compared with feeding silkworms with GQDs, injection method could ensure that the amount of GQDs each silkworm takes in is clear and equal. The achieved silks exhibit considerably enhanced mechanical properties with superior elongation-at-break and breaking strength, showing the validity of the generation of reinforced silks by the incorporation of GQDs. The as-obtained intrinsically reinforced silks show better mechanical properties than the one produced by feeding with graphene, copper nanoparticle, and silver nanoparticle. The toxicity and the safety limit of GQDs injected for each silkworm were evaluated, and the effect of GQDs on the structures of the obtained silks was also studied by Raman, wide angle X-ray scattering (WAXS) and Fourier transform infrared spectroscopy (FTIR).
EXPERIMENTAL SECTION

Materials
The reagents utilized in the whole experiments were of analytical grade. Doubly deionized water was provided by a MilliQ (Elix5+Milli-Q) water purification system (Millipore, Bedford, MA, USA) and was used throughout the experiments. Bombyx mori silkworm eggs were bought from Shandong Guangtong silkworm egg Group Co., Ltd. GQDs with an average diameter of 3.5 nm were bought from Nanjing XFNANO Materials TECH Co., Ltd.
Characterizations
The morphology and diameter of degummed silks were characterized by a TESCAN MIRA 3 scanning electron microscope (SEM) (Tescan, Czech Republic). For every sample, 10 single silk fibers were measured. The histological sections of the organs of silkworms were observed by an Olympus BX43 microscope (Olympus, Japan) with a Smart D550 image acquisition system. Raman spectra were collected by a Renishaw inVia laser confocal Raman microspectroscopy (Renishaw inVia, UK), with a 785 nm excitation laser. WAXS patterns were acquired by a Xeuss 2.0 set-up (Xenocs, France) with the incident X-ray of λ = 1.54184 Å. Version 18 (beta) FIT2D and Peakfit (V4.0) software were used to process the patterns. FTIR was performed on a 670-IR+610-IR spectrometer with a diamond attenuated total reflectance accessory (Varian, America), and the calculation of the contents of the protein secondary structures was obtained by deconvolution over the amide I region (1,600-1,700 cm
−1
). An Instron 3365 material testing instrument (Instron, America) was used for measuring the mechanical properties of degummed silks with an extension rate of 20 mm min −1 and a gauge length of 20 mm, with 20 specimens measured for each group. All the silk samples were tested in a constant temperature and humidity room at 20°C and 65% relative humidity (RH).
Silkworm raising and the intake of GQDs
Bombyx mori silkworms were first hatched from eggs in a climatic chamber and then raised in boxes under the temperature of 26°C. Fresh mulberry leaves were supplied to the silkworms. The intake of GQDs into silkworms was realized by injecting each silkworm with GQDs using a syringe, or feeding silkworms with mulberry leaves sprayed by GQDs. The injection was conducted on the second day of the fifth instar by injecting each silkworm with GQDs at foot (see Scheme S1). Since silkworm has an open circulatory system, it is believed that GQDs will be transferred to the silk gland. As for the feeding method, silkworms were fed with mulberry leaves sprayed by GQDs (0.10 mg mL −1 ) on the second day of the fifth instar until cocoons were produced. The mass ratio of mulberry leaves to GQDs was about 1 g:0.027 mg. According to the intake method and the dose of GQDs taken in each silkworm, the silkworms were divided into 11 groups (each group contains 20 silkworms), designated as GQDs-feeding or GQDs-x μg (here x means the dose of the GQDs injected into each silkworm), i.e., GQDs -0.4 μg, GQDs-0.6 μg, GQDs-2.0 μg, GQDs-3.0 μg, GQDs -6.0 μg, GQDs-10.0 μg, GQDs-30.0 μg, GQDs-50.0 μg and GQDs-100.0 μg. The control group was designed by injecting per silkworm with 10 μL distilled water. The details for the intake of GQDs into silkworms are also supplied in Supplementary information (SI).
Silk reeling
The obtained cocoons were reeled to remove the sericin coated on the silks. Cocoons were dried for 4 h at 80°C in a vacuum drying oven. The dried cocoons were softened in boiling water for a few minutes, which were then transferred into hot water (70°C). After that, the treated cocoons were reeled using a XJ401 automatic cocoon reeling apparatus (Hangzhou Feiyu technological engineering Co., Ltd., China). It should be noted that seven cocoons were reeled together at a time, and the finally obtained degummed silk fiber comprised seven single silks.
RESULTS AND DISCUSSION
Toxicity and safety limit of GQDs to silkworm
In this assay, two hundred silkworms injected with different doses of GQDs were divided into ten groups evenly (called control, GQDs-0.4 μg, GQDs-0.6 μg, GQDs-2.0 μg, GQDs-3.0 μg, GQDs-6.0 μg, GQDs-10.0 μg, GQDs-30.0 μg, GQDs-50.0 μg and GQDs-100.0 μg, respectively). In addition, twenty silkworms were fed with mulberry leaves sprayed by GQDs as a comparison (named GQDs-feeding). In order to reveal the toxicity and safety limit of GQDs to silkworm, the mortality rate (MR) for each group was observed (Table S2) after the intake of GQDs with 24 h intervals (24, 48, 72 , 96 and 120 h). It exhibits that the MR for every group is almost 0 when the GQDs dose (per silkworm) is limited to 0-30.0 μg, when the GQDs dose (per silkworm) increases beyond 50.0 μg, the MR of both GQDs-group and their corresponding control-group increases significantly, indicating that the safety limit of GQDs to silkworm is in the range 30.0-50.0 μg per silkworm. Histophysiological evaluation was carried out to further study the toxicity of GQDs at the dose of 30.0 μg (per silkworm), the results in Fig. S2 illustrate that GQDs has no negative effects on the pathological structures of silkworm organs (midgut, liposome and posterior silk gland), indicating that GQDs at the dose of 30.0 μg (per silkworm) is of no or very low toxicity. Since the doses of 50.0 and 100.0 μg (per silkworm) are dangerous to silkworms, neither GQDs-50.0 μg nor GQDs-100.0 μg group is further investigated in the following text.
The effect of GQDs on the growth and silks of silkworms was also studied as shown in Fig. 1 . It reveals that the average weight (AW) of every GQDs-injection-group is lower than the one of GQDs-feeding group, while the average length (AL) shows no obvious difference ( Fig. 1a and b, Table S3 ); the decrease of AW may be caused by the injection injury. It is found that the AW of GQDs-4.0 μg group is lower than those of other GQDs-injectiongroups, it is mainly due to that the silkworms initially chosen for this group were lighter, because it is observed that its AW before injection is also lower. The appearance of the silkworms was also observed after intake of GQDs for 72 h (Fig. 1c) . Furthermore, the morphology and diameter of the silks of each group were studied by SEM. It should be noted that the silks hereafter discussed are all degummed silks, which means that the sericin coated on the silks are removed. From Fig. 1d , it can be seen that the silks exhibit similar morphology, indicating that the incorporation of GQDs does not affect the silk morphology obviously. However, the average diameter (AD) of silks from the control-group is a little larger than the one of GQDs-groups (Table S3) . Since GQDs were taken in by silkworms and could spread into silk gland, the interactions between GQDs and silk fibroin may influence the spinning process of the silkworms, leading to a slight decrease of the AD of silks. The confirmation of the GQDs in silkworm and silk gland was provided in SI.
Characterization of the structural and conformational changes of silks
The effect of GQDs on the structural and conformational changes of silks was studied with Raman spectroscopy, WAXS and FTIR.
Raman spectra
Raman spectroscopy was used to study the conformational changes of the silks upon the intake of GQDs in the   SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . , as shown in Fig. 2 . It is observed that the most prominent Raman-active bands for silks from either control-or GQDs-groups are located at the same positions including 1,087 cm −1 (random coil conformation), 1,232 cm −1 (predominantly β-sheet conformation) and 1,669 cm −1 (β-sheet/β-turn conformation) [40, 41] , indicating that the conformation of silks are not changed with the intake of GQDs. In addition, it is found that the characteristic Raman bands of GQDs-silks have stronger intensities than that of control-silks. Raman features corresponding to GQDs are not observed in the Raman spectra, because the amount of GQDs in silk is too low.
WAXS spectra
The influence of GQDs on the crystalline structures of silks was studied by WAXS, the corresponding 2D-and 1D-WAXS patterns are shown in Figs 3-5, respectively. It can be observed that both the 2D-and 1D-WAXS patterns do not show any obvious difference among all the silk samples, proving that the basic structures of silks are not destroyed by the intake of GQDs, which is consistent with the results from Raman spectra. The mean crystallite size of β-sheets in a direction (interchain), b direction (intersheet) and c direction (along fiber axis), which is directly related to the mechanical properties of silks [42] , . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   248 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [43] [44] [45] [46] , respectively, through Scherrer formula [47, 48] . The results shown in Table S4 demonstrate that the β-sheet nanocrystal size of GQDs-silks is smaller than that of controlsilk in a, b and c direction. The variation of the β-sheet nanocrystal size in all the three directions among the GQDs-silks has no conspicuous regularity.
FTIR spectra FTIR, which is one of the most effective techniques for investigating the secondary structures of silks [49, 50] , was also used to study the superior inter-structures of the silks. As shown in Fig. 6a , the control-and GQDs-silks have the identical peak positions in their respective FTIR spectra, confirming that GQDs do not change the secondary structures of silks. The assignment of the three significant peaks located at 1,618 (amide I), 1,514 (amide II) and 1,230 cm −1 (amide III) in the spectra is shown in Table S5 . In this paper, the amide I spectral region (1,600-1,700 cm . . . . . . . . . . . . . . . . . . . . . . . . . . . secondary structures. The peak located at the range of 1,615 to 1,640 cm −1 is considered to be the β-sheet structures, the peak at the range of 1,640 to 1,660 cm −1 is attributed to be the helical or random coil conformation or both and the peak centered at 1,690 cm −1 is classified as β-turn conformations [49] [50] [51] . The amide I spectral region was de-convoluted to determine the contents of the secondary structures, and the details in different silk ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . samples can be found in Fig. S4 . The contents of the secondary structures are shown in Fig. 6b and Table S6 . The GQDs-silks have more helix and random coil and fewer β-sheet and β-turn than control-silks. Generally, with the increase of the amount of GQDs, the helix and random coil in GQDs-silks show a tendency of rising up first and declining later, while the β-sheet and β-turn display an opposite tendency. The detailed explanation for the variation trend of the content of secondary structure still remains a challenge to us. We hope that the mechanism can be revealed by further study.
It is believed that GQDs can be spread and accumulated into silk gland by passing across epithelial tissue [11] . In silk gland, the hydrophilic GQDs with high specific surface area and rich surface active sites [37] could interact with the fibroin matrix via hydrophobic, electrostatic, van der Waals, hydrogen bonding or π-π stacking interactions [52] [53] [54] [55] , which may influence the migration process of fibroin in posterior gland to spinneret and hinder the α-helix and random coils from transforming into β-sheets, leading to a decrease of the β-sheets. Scheme 1 illustrates the influence of GQDs on the transformation of α-helix and random coils to β-sheets.
Mechanical properties
The mechanical properties (including breaking strength, elongation at break and toughness modulus) of silks were closely related to their secondary structures [42, 56] . From Fig. 7 and Table 1 , it is observed that GQDs-silks have significantly improved mechanical properties compared with control-silks. GQDs-0.6 μg-silks exhibit the highest breaking strength of 675.50 MPa (elongation at break is 29.53%) and GQDs-10.0 μg-silks possess the best elongation at break of 34.56% (breaking strength is 369.20 MPa), considerably exceeding the ones of control silks (246.28 MPa, 22.19%). The toughness modulus, defined as the area under the stress-strain curve (Fig. S5) , is 143.51 MPa for GQDs-0.6 μg-silks, showing a 3.62-fold increase compared with that of control-silk. It is found that with the increase of the GQDs dosages, the average mechanical properties values of GQDs-silks rise first and descend later (Fig. S6) , indicating that excessive GQDs result in deteriorated mechanical properties of silks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . The enhancement of breaking strength may be due to the decrease of β-sheet nanocrystal size. It was reported that the hydrogen bonds in β-sheet crystal were loaded in shear in small nanocrystals while in tension in large crystals; since hydrogen bonds were greatly weaker in non-uniform tension than in uniform shear, they consequently showed a significantly varied ability to withstand deformation, i.e., smaller β-sheet nanocrystals can dissipate obviously more energy during failure, leading to a higher fracture toughness [42, 56] . However, it is noted that the changing tendency of breaking strength is not consistent with the one of β-sheet nanocrystal size, with the variation of the amount of GQDs. This may be attributed to the fact that the breaking strength of silks can be influenced by multiple factors such as the nanofibrils or nanodomains, β-sheet content, the size and distribution of the crystallites and the orientational organization at the molecular level [57] [58] [59] . The change of the β-sheet nanocrystal size will lead to the variation of the breaking strength of silks but is not the only factor. The increase of elongation at break and toughness modules is believed to be caused by the higher content of helix and random coil in GQDs-silks, because helix and random coil conformation possess more easily movable chains than β-sheet [31] . However, the excessive GQDs may aggregate and act as defects, leading to a low breaking strength or elongation at break [31] .
It should be noted that the control-silks in this study show a lower breaking strength (246.28 MPa) compared with the typical commercial silks (300-700 MPa) [7, 27] , the difference should be attributed to the variety of silkworms [27] . It was reported that the mechanical properties of silks were closely related to the rearing environment, spinning speed, degumming process, testing parameters, etc. [7, 31] , Therefore, our silkworms were all reared in the same environment and the silks were all reeled under the same condition.
CONCLUSIONS
This study shows that intrinsically reinforced silks could be obtained via injecting silkworms with GQDs. Compared with control silks, the breaking strength (675.5 MPa) and elongation-at-break (29.53%) of the GQDs-0.6 μg-silks increase to 2.74 and 1.33 times on average, respectively. The toxicity and safety limit of GQDs are evaluated, and the result reveals that GQDs exhibits no toxicity when the dose of GQDs is less than 30.0 μg/silkworm. The WAXS, Raman and FTIR spectra suggest that compared with control silks, the secondary structures of GQDs-silks are well preserved while with fewer β-sheet and more α-helix/random coil structures, which may enhance the mechanical properties of silks. The intake of GQDs will influence the fibrillation of liquid silk fibroin in silk gland, hindering the transformation of hydrogen bonding from intra-molecular to inter-molecular in silk fibroin. In addition, we also compare the growth status (including weight and length) with silks' morphology, diameter and mechanical properties of the silkworms treated by injecting and feeding methods, which demonstrates that injecting method does not have negative effects on the silks. This work introduces a new material for the improvement of mechanical properties of silks. However, there are still some problems which remain challenges, for example how GQDs influences the structures of silks in biological process. In addition, compared with feeding silkworms directly with GQDs, the injecting method is obviously not suitable to produce silks on a large scale. Further researches concerning these problems need to be done. 
